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[57] ABSTRACT

Apparatus for the determination of the position of an
object included a radiation sensor (16) sensitive to spa-
tial variations, in at least one direction, of intensity of
radiation received from a region of observation (6). A
mask (14) attenuates the radiation in a random spatially-
variant manner whilst sampling (18) and calculating
means (20) determine the autocorrelation function of
the received pattern with previously stored values to

sense the position of an object (8).

7 Claims, 4 Drawing Sheets
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POSITION FIXING APPARATUS WITH
RADIATION SENSOR

FIELD OF THE INVENTION 5

This invention relates to position fixing, particularly
to the use of position tracking of movement. The accu-
rate assessment of movement is utilized in a number of
fields, such as, for instance, in medicine to analyse the
range of mobility of a repaired limb, in sport to correct 10
a competitor’s body technique, or in industry to monitor
machine vibrations.

BACKGROUND OF THE INVENTION

Existing systems for tracking movement tend to have 1°
a limited resolving power, that is, the noise associated
with the system limits the accuracy with which posi-
tions are fixed. The systems generally have a lens which
focuses the image of an object on to a light sensitive
surface, such as, for example, a surface consisting of an 20
array of charged coupled devices. Each charge coupled
device (ccd) is an optical sensor element that reacts to
incident light by acquiring an electrical charge. The
distribution of charges amongst the elements matches
the distribution of light in the image. Each of the ele- 25
ments is sampled, and the image is reproduced, for in-
stance, on a screen, according to the charge distribu-
tion.

It i1s common when tracking movement to monitor
specific points on the object under observation by con- 30
tinually fixing the position of the points. From this it is
possible to trace not only the path of movement but also
the velocity and acceleration components, given that
the points are monitored at a known frequency. The
points are usually identified either with a source, such as 35
an LED, or a marker capable of reflecting a projected
light, for example, a prism or reflective tape. The points
are reproduced, in the manner described above, as point
images, for instance, on a screen.

In the case of a point source of light, the power with 40
which the location of the point source is resolved will
be limited by the fact that the image of the point source
will be focused by the lens on to a limited number of
elements. The total resolution will consequently . be
restricted by the individual resolving power of each of 45
the elements on to which the image is focused, and the
potential resolving power of the remainder of the ele-
ments Is unutilized.

SUMMARY OF THE INVENTION

According to the invention there is provided appara-
tus for the determination of the position of an object
comprising radiation sensing means sensitive to spatial
variations, in at least one direction, of Intensity of radia-
tion received from a region of observation, mask means 55
positioned between said sensing means and said region
of observation and adapted to attenuate said radiation in
a predetermined spatially-variant manner in said direc-
tion, and correlating means adapted to correlate an
output signal from said sensing means with a set of 60
previously stored values.

The invention provides apparatus for position fixing a
point source of radiation, and the apparatus comprises a
detector having a radiation sensitive surface divided
into elements, a mask between the source and the detec- 65
tor, and the degree of transmission of radiation through
each particular area of the mask being determined ac-
cording to a random pattern, and means for sampling
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the elements of the radiation sensitive surface to deter-
mine the Intensity of the radiation incident upon each
element.

In one embodiment of the invention, the mask con-
sists of a sheet material sectionally divided alternately
into parallel transparent and opaque bands. The widths
of the bands are calculated entirely at random, so that
there 1s no repeat pattern of the bands throughout the
mask and the pattern has an autocorrelation function
with a unique maximum.

In a second embodiment of the invention, a sheet
material mask has a transmission coefficient which var-
ies continuously along the length of the mask. The vari-
ation in the transmission coefficient is analogue in na-
ture and follows a random pattern, preferably deter-
mined according to a summation of many spatial fre-
quencies, where each frequency has a random phase
with respect to a given spatial reference point, for exam-
ple, the left hand end of the mask. The variation in the
transmission coefficient may be defined as:

T= 3 sinl:-(-z% +p(f)]

i—1

in which T is the optical coefficient at any point n
along the full length L of the mask; n is the number of
sinusoids being summed to produce the pattern; and p(i)
is the random phase offset of the ith sinusoid. The mask
has a unique autocorrelation maximum, and has the
advantage over the mask described above as having
alternate opaque and transparent bands in that there is
an improvement in the ratio of the autocorrelation max-
imum to the autocorrelation minima away from the
maximum. |

The apparatus according to the invention does not
have a lens for focusing an image of the point source.
The mask interferes with the radiation from the source
and casts a pattern of different radiation intensities on to
the sensitive surface. The pattern of radiation intensities
is located by sampling the response of each of the ele-
ments of the sensitive surface. The position of the point
can be fixed by comparing the located pattern with the
mask pattern. The resolving power of the apparatus is
enhanced because the use of the numerous areas of
different radiation intensity produced by the mask ena-
bles a large number of elements from the sensitive sur-
face to comntribute, effectively as an averaging tech-
nique, to the determination of the position of the point
source, rather than a limited number of elements identi-
fying a focused image. By having no lens there are also
no lens aberrations or focusing effects.

The sensitive surface is preferably provided as an
array of charge coupled devices, but could equally well
be the signal plate of a conventional television camera.

The apparatus according to the invention is able to fix
a position in only one dimension, and separate apparatus
1s required for each dimension in the case of two- or
three-dimension position fixing.

Alternatively, the apparatus could fix a position in
two dimensions by having a mask with a transparent
and opaque pattern randomized in two dimensions.

Three mask patterns, each one responsive to a differ-
ent primary color, may be optically mixed to form a
single mask. The autocorrelation maximum correspond-
ing to each mask pattern may then be detected using a
detector fitted with color filters, each having the same
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spectral transmission as the colors used to produce the
mask. Using this method the color of a point source of
light under observation can be determined. This enables
the identification of point sources by color.

The invention also provides a mask of sheet material
through each of the opposite sides of which the trans-
mission of radiation at each particular area is deter-
mined according to an individual random pattern, the
individual random patterns according to which the
transmission through each of the opposing sides is de-
termined being exactly coincident when viewed normal
to the plane of the sheet material.

The mask will transmit a sharp maximum when the
incident radiation is normal to the sheet material but
will attenuate radiation from other directions. Peak
transmission is 50% of normally incident radiation and
25% on average from other directions, so the unique
peak indicates when the incident radiation is normal to
the sheet material and hence the mask patterns. The
unique peak can be detected with a single photodetec-
tor, which consequently acts as a direction finder.

BRIEF DESCRIPTION OF THE DRAWINGS

‘The invention will be described with reference to the
accompanying drawings in which:

F1G. 1 1s a schematic of a system for position fixing
incorporating the apparatus according to the invention;

F1G. 2 1s an example of the form of pattern taken by
the mask used in the system shown in FIG. 1:

FIG. 3 is a graphical representation of the autocorre-
lation function of the mask shown in FIG. 2:

F1G. 4 1s an alternative form of pattern taken by the
mask used in the system shown in FIG. 1, the mask
having a pattern randomized in two dimensions, and

FIGS. 5 and 6 show Barker code sequences and their
corresponding autocorrelation functions.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Referring now to the drawings, the system shown in
FIG. 1 has a light source 2 which projects light through
the rear of a half silvered mirror 12, arranged at 45° to
the optical axis of the source 2. The primary focus 4 of
the projected light is on the rearward side of the mirror
12. Within the field of view 6 of the projected light is a
reflective marker 8 placed at a specific point upon an
object (not shown). Light is reflected by the marker 8,
in one instance, along the path 10. The light from the
~ marker 8 is reflected by the mirror 12 on to a mask 14,
arranged at 90° to the optical axis of the source 2 and
the same distance from the mirror 12 as the primary
focus 4 of the source 2.

‘The mask 14 is patterned with transparent and
opaque areas. A typical mask pattern is shown in FIG.
2. A rectangular sheet of material is axially divided into
alternately parallel transparent and opaque bands 24,26.
In practice the sheet material would be transparent, and
the opaque bands would be imprinted on to the sheet.
The width of the bands 24,26 is decided entirely at
random, so that there is no repeat pattern of bands 24,26
throughout the mask 12. The random configuration of
the bands determines the autocorrelation function of the
mask 12.

The autocorrelation function of the mask 12 is graphi-
cally represented in FIG. 3. The vertical axis of the
graphical representation is a measure of light amplitude,
and the horizontal axis shows how the transmitted light
varies for two identical mask patterns if one of the
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masks 1s placed in front of the other and moved from
left to right. There is one unique and very sharp maxi-
murm 22 when the two patterns are exactly superposed.
Otherwise there is a minimal transmission of light
shown at 28.

Reverting to FIG. 1, situated behind the mask 14 is an
array 16 of optical sensor charge coupled devices. The
array 1s linear and may consist of as many as 4096 indi-
vidual charge coupled elements.

The attenuation by the mask 14 on the light reflected
from the mirror 12 causes a shadow pattern matching
the mask pattern to be cast on to the sensor array 16.
Sampling circuitry 18 identifies the position of the
shadow boundaries cast by the mask pattern by reading
out the charge induced on each element depending on
whether there is incident, or absent, light. The sampling
circuitry produces a digital signal which is representa-
tive of the light incident upon each element. Each of the
digital signals is stored in a memory location of a com-
puter 20, so that the complete memory contents is rep-
resentative of a full ‘picture’ of the shadow pattern cast
across the array 16.

The ccd elements respond with outputs which are a
finely graded analogue of the incident light intensity.
So, for example, if the mask pattern is in the form of an
analogue variation similar to electronic white noise
(sum of sinusoids of different frequencies with random
phase offsets) then it is possible for the intensity of the
light falling on any given element to take any value in
the dynamic range of the ccd, with corresponding sig-
nal at its output. Similarly, even if the mask pattern is in
the form of alternating opaque and transmitting lines
(e.g. a Barker Code) and the sharp edge of a shadow
falls on a particular ccd element then the output from
that element will be proportional to the light falling on
it (i.e. proportional to the position of the sharp edge
across the width of the element).

Also stored within the memory of the computer 20 is
a replica set of values representing the mask pattern.
The computer 20 is able to carry out the correlation, as
described above and shown in FIG. 3, by comparing the
memory contents. The computer 20 determines the
position of the shadow cast on the array 16 by superim-
posing the memory contents, in the same manner that
the two masks would be superimposed during the man-
ual correlation, establishing at which location the two
patterns would have to be superposed to produce the
unique maximum 22 of the autocorrelation function.
The precise position of the marker 8 is determined by
calculating from what location a shadow pattern of the
form identified would be cast by a point source, that Is,
the marker 8.

An indication of the position and movement of an
entire body can be calculated by locating a number of
markers 8 at points all over the body. The position of
each point is continually fixed and enables an image of
the behavior of the entire body to be built up and dis-
played upon a screen (not shown).

To obtain the highest possible resolving power the
replica of the mask pattern stored In the computer
memory must contain the smallest increments in posi-
tion of the shadow. That is, as the shadow moves a tiny
increment in one direction the output of each element of
the ccd changes by a small (but different) amount de-
pending on the form of the shadow at that part of the
array. The computer replica must therefore be capable
of reproducing these array-wide sets of small changes to
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each element as the whole pattern moves across the
complete range of measurement.

For an array of N elements, if each element re-
sponded in simple on-off fashion the resolution of posi-
tion of the shadow of single straight edge would simply
be I part in N. If however the amplitude of the output
from each element is quantified into S levels then the
position of the shadow can be resolved to 1 part in S
across each element and hence to 1 part in (NXS)
across the whole array. Furthermore if the illumination
is spread across the whole array as in the shadow mask
then the signal resolution is improved by a factor of VN
by RMS averaging across the N elements.

Hence the maximum theoretical resolution for an
array of N elements and amplitude quantisation S 1s:

Resolution=1 part in NXVNXS

This 1s the case if the signal level in each element is

10

15

equally likely to take any one of the S values in its ,,

amplitude range. In practice the spatial distribution of

shadow patterns which are useful in producing a single
sharp correlation peak are such as to limit the ‘indepen-
dence’ of signal level 1in each element to about one quar-
ter of the total amplitude range. Consequently, the
above formula should be modified for practical pur-
poses to:

Resolution = 1 part m

So, for example, if the ccd array contains 1024 ele-
ments and the output of each element is quantized into
1024 possible amplitude levels then the resolution
would be:

1024 X 32 X 1024
4

1 part in
i.e. better than 1 part in 8 million.

The mask shown in FIG. 2 is only capable of being
used to locate the position of the marker B in one di-
mension. By combining a number of pieces of the appa-
ratus shown in FIG. 1, each dedicated to a particular
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dimension, it is possible to make multiple dimension 43

calculations. It is, however, possible, using the mask

type 14 shown in FIG. 4, to determine the position of

the marker 8 in two dimensions. The alternate bands
24,26 of the mask 14 are randomly calculated i two
dimensions, so that the mask 14 has a unique two dimen-
sional autocorrelation function. It is possible using the
function to calculate the position of the marker 8 in two
dimensions. |

The overall position resolution of the system shown

50

in FIG. 1 is dependent not only upon the number of 55

elements that make up the array 16 and the signal to
noise ratio of each of the elements, as is the case in a
conventional lens based system, but 1s add:tionally de-
pendent upon the square root of the number of ele-
ments. This 18 because, unlike in the conventional lens
based system, the use of signals from all of the elements
in the array, instead of only those on to which an image
is focused, introduces an averaging factor of the square
root of the number of elements in the array into the
calculation of position resolution.

A transparent sheet material having a mask pattern,
such as that shown in FIG. 2, applied to each of its
opposing faces can be used in direction finding. The

65
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patterns are arranged on the opposing faces such that
they are coincident when viewed normal to the plane of
the sheet material. The mask (not shown) will transmit
a sharp maximum when incident light is normal to the
mask, but will attenuate light incident from other direc-
tions. Peak transmission is 50% of normally incident

light and 25% on average from other directions. When
the mask 1s placed in front of a single photodetector (not
shown), the resulting output from the detector will give
a sharp peak whenever incident light passes across nor-
mal incidence. The sharpness of the peak as a function
of the angle of incidence will depend on the ratio of the
distance represented by the smallest spatial frequencies

of the mask pattern and the thickness of the sheet mate-
nial. As an example, for a mask pattern which has spatial
frequencies of up to 100/mm separated by a 3 mm thick
sheet of material, a maximum peak can be expected to
have an angular width of 11 minutes. With a detector
having a signal to noise ratio of 1000, this permits reso-
lution of incident beam angle to in excess of 0.6 seconds.

Preferably, analogue forms of the shadow mask are
realized as a sum of sinusoids with random phase offsets
as this format gives a sharp autocorrelation peak and
residual side peaks of near zero amplitude.

The situation is different for binary sequences, that is,
for versions of the shadow mask which take the form of
alternating translucent and opaque lines of wvarious

widths. Sequences known as Barker Codes or ‘perfect
words’ have the minimum possible side peaks in' the
autocorrelation function. (Barker, RH. ‘Group synchro-
nising of binary digital systems, communication theory,’
Academic Press, New York” 1953. (Symposium on
Communications Theory, at IEE, London, Sept 1952)).
If the length of the sequence is N, the amplitude of the
correlation peak 1s N, and the residual side peak ampli-
tudes are no greater than plus or minus 1. The maximum
code length possessing this property is only 13. It is as
follows; 1,1,1,1,1,0,0,1,1,0, 1, 0, 1. Combinations of
Barker codes may be assembled to achieve longer se-
quences which are ‘good words’, and these may also be
used for the shadow mask. -

Barker codes may also be used to provide fiducial
marks in the autocorrelation plot. If each segment of a
Barker code of length N is further encoded by the same
Barker code thereby producing a code sequence of
length N XN, then the amplitude of the peak is NXN
and the side peak level everywhere less than 2 except
for a N regularly spaced sharp subpeaks of amplitude N.
The attached drawings illustrate this effect for the
Barker code of length 13. FIG. 5 shows a simple Barker
code sequence for N=13 30 with its corresponding
autocorrelation function 32. The side peaks of the latter
extend symmetrically about the main peak, but, for
simplicity, only the left side of the plot is shown. FIG.
6 i1llustrates the Barker code squared for N=13. Each
segment of the first Barker sequence has a further se-
quence of 13 fitted into It. This gives rise to a sharpen-
ing of the main peak 36 and provides side peaks which
may be used for fiducial purposes.

Although Barker codes are particularly effective at
producing an autocorrelation plot with very low and
regular variations away from the main peak, and as such
are attractive forms for the shadow mask, in general, the
addition of any periodic function to the defining func-
tion of the shadow mask will result in an autocorrela-
tion plot which has regular side peaks of the same spa-
tial period. Their amplitude will be in the same propor-



5,408,323

7

tion to the main peak as the ratio of the amplitude of the
added periodic function to the defining function of the
shadow mask. ’

Although the invention has been described in relation
to position determination using optical radiation, it will
be clear to those skilled in the art that the principles are
equally applicable to techniques using, for example,
acoustic radiation.

I claim:

1. Apparatus for the determination of the position of

an object comprising

radiation sensing means sensitive to spatial variations,
in at least one direction, of intensity of radiation
received from a region of observation,

mask means positioned between said sensing means
and the region of observation for attenuating the
received radiation in a predetermined spatially-
variant manner in the at least one direction; and

correlating means for correlating an output signal
from said sensing means with a set of previously
stored values.

2. Apparatus for the determination of the position of

an object as claimed in claim 1 wherein said mask means
has a transmission coefficient which varies continuously
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in the at least one direction, is analogue in nature and
follows a random pattern.

3. Apparatus for the determination of the position of
an object as claimed in claim 2 wherein the pattern is
determined according to a summation of a plurality of
spatial trequencies, each frequency having a random
phase with reference to a predetermined spatial refer-
ence point.

4. Apparatus for the determination of the position of
an object as claimed in claim 1 wherein said mask means
comprises a plurality of alternately attenuating and
transmitting bands of randomly varying width to pro-
vide an autocorrelation function with a unique maxi-
mum.

3. Apparatus for the determination of the position of
an object as claimed in claim 4 wherein the widths of
said bands vary in accordance with a Barker code.

6. Apparatus for the determination of the position of
an object as claimed in claim 5 wherein the variation of
the width of said bands is modulated with a predeter-
mined periodic variation to provide a fiducial pattern.

7. Apparatus for the determination of the position of
an object as claimed in claim 6 wherein said periodic

variation i1s a Barker code.
- * * - - *x




	Front Page
	Drawings
	Specification
	Claims

